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ARCTIC CHARR (Salvelinus alpinus) is an attractive aquaculture species because it features the desirable tissue traits of other salmonids (e.g., salmon and trout), commands a high market value, and is bred and grown at inland freshwater tank farms year round. This circumvents some of the adverse affects of marine net pen aquaculture, the current method used for most species of salmon (1) . However, Arctic charr is a cold-water species that thrives in water temperatures from 0.1 to 14°C, which presents substantial geographical limitations in terms of where it can currently be grown. Tank farms that are otherwise equipped to grow and distribute freshwater fish species, including salmonids such as rainbow trout, often cannot accommodate Arctic charr due to an unsuitable climate during at least part of the year and the high energy cost of maintaining tanks within the optimal temperature range to thrive. In addition, fish forced to live at temperatures higher than their natural range show signs of stress, including reductions in immune function, appetite, growth, and reproduction, as well as susceptibility to disease and ultimately death (10) . This is a problem of increasing concern, even in temperate regions where the species is currently farmed, as temperatures are rising as a result of climate change (13) . Indeed, an Arctic charr aquaculture facility in the Yukon, Canada, has recorded tank temperatures as high as 18°C for several consecutive days during past summer heat waves (C. R. McGowan, unpublished observation). As temperatures continue to climb and become less predictable, Arctic charr hatcheries and tank farms throughout the world will be faced with an on-going battle to keep fish alive and healthy and to keep them growing and spawning at the optimal rate. These issues have highlighted the need for a temperature tolerant Arctic charr broodstock that can thrive in temperatures outside the natural range for the species and can withstand fluctuations in temperature that are not normally observed in their natural habitat. This could improve animal health and welfare, while simultaneously reducing costs and resource use for the Arctic charr aquaculture industry. In addition, wild Arctic charr living in native habitats are also expected to experience substantial thermal stress as climates in Arctic regions climb, suggesting the need for biomarkers that can effectively test for temperature stress among wild populations, which could facilitate population-based conservation initiatives as well as studies of population movement, colonization or evolution as habitats change.
We recently identified genes putatively associated with tolerance and intolerance to acute thermal stress in Arctic charr (16) . Specifically, we used a combination of quantitative trait locus (QTL) association and expression analysis to examine genes differentially expressed in fish that were more and less tolerant to acute exposure to upper lethal temperature (ϳ25°C). Our results suggested that small heat shock proteins (Hsps) as well as Hsp-90 genes are associated with tolerance to extreme heat, whereas hemoglobin expression was significantly downregulated in tolerant compared with intolerant fish. Additionally, QTL analysis and expression profiling identified COUP-TFII as a candidate gene transcription factor involved in acute upper temperature tolerance (16) . This information is valuable in that it may be used to generate markers specifically associated with upper temperature tolerance and intolerance, which can be integrated into broodstock programs. However, these fish were exposed to lethal temperatures that are far more extreme than those that would normally be experienced by any Arctic charr in an aquaculture or natural setting. Thus, there remains a need to examine the genes involved in the stress response to more realistic temperature stress situations such as those that may be experienced during a summer heat wave in grow-out tanks that are not artificially cooled, or under natural conditions. It is also of interest to examine genes involved in recovery from chronic, sublethal heat stress for purposes such as the identification of populations of Arctic charr that are better able to recover from such stress, or that show different means of recovering.
Here, we set out to identify genes that are differentially expressed during and after exposure to prolonged sublethal heat stress in Arctic charr. Specifically, we exposed Arctic charr to temperature stress that mimicked that which has been recorded at an Arctic charr aquaculture facility in the Yukon, Canada, for 3 days, after which the fish were allowed to recover at ambient temperatures for an additional 3 days. Tissue samples (blood, gill, liver, muscle) were taken before and during (72 h) elevated temperatures (15-19°C) , then immediately after and 72 h after returning to ambient water temperature (ϳ6°C). RNA extracted from the gill tissues was reverse transcribed into cDNA, which was used for microarray analysis followed by qPCR to identify genes that were differentially expressed between temperature conditions. Note that this heat challenge is distinctly different from the acute trial (16) with respect to the exposure temperature (lethal vs. sublethal), exposure time (acute vs. chronic) and endpoint (phenotypically tolerant and intolerant individuals identified vs. general response at different time points during and after exposure to an elevated temperature); however, the experimental fish population, all environmental conditions except for temperature, and expression profiling analyses were identical, thereby allowing comparisons of results between the two studies.
This study provides a general overview of the genes that are involved in chronic temperature stress and recovery, which allowed us to identify candidate gene targets for the future development of potential genetic markers that can be integrated into an ongoing Arctic charr broodstock development program to generate more robust aquaculture fish and/or that could serve as biomarkers for monitoring temperature stress and recovery in wild or cultured conditions.
METHODS
Fish, temperature profile, and tissue sampling. All experiments were conducted according to the Canadian Council for Animal Care Guidelines and were approved by the Animal Care Committee at Simon Fraser University, Canada. The temperature trial experiments were conducted at Icy Waters Ltd., Whitehorse, Yukon, Canada, in September, 2008 using 2006-born Nauyuk Lake Arctic charr. The average weight (Ϯ standard deviation) of the randomly sampled fish was 32.05 g (Ϯ 12.97 g), while the average length was 16.09 cm (Ϯ 2.27 cm). Tanks were set up with a constant flow-through system (0.33 l/s) with fresh spring water at ambient temperature (ϳ6°C) and ambient oxygen levels (10.0 -11.0 ppm). Approximately 250 fish were transferred to an experimental tank (diameter: 1.86 m, depth 50 cm) and left to acclimate for 48 h at ambient temperature (ϳ6°C). Note that this represents a much lower stocking density than the Arctic charr aquaculture industry standard of 100 -185 kg/m 3 and therefore that oxygen supply was not an issue. After acclimation, 10 fish were randomly selected to act as a control group (hereafter referred to as treatment group C), then water that had been diverted through a heat exchanger was added to the flow-through system to increase the water temperature in the tank by ϳ3.0°C per hour for 4 h, until the tank reached 18°C. Note that this represents the maximum ambient temperature (i.e., that in nontemperature controlled grow-out tanks) observed at Icy Waters during a summer heat wave. The observed lethal temperature for these fish is 25-26°C (16) .
We maintained the water temperature for the next 72 h (minimum and maximum recorded temperatures during the trial were 15 and 19°C, respectively), and the fish were closely monitored for signs of stress. During the heat exposure, we observed that the Arctic charr, which normally school in tight packs, swam relatively dispersed within the tank, and we interpreted this change in schooling behavior as a response to stress. In addition, 10 fish died during the 72 h trial. These fish were weighed, their fork lengths measured, and fin-clips were taken and stored in 95% ethanol, but no tissues were taken for expression analysis because it was assumed that RNA integrity would be compromised. After 72 h, 10 fish were randomly selected for sampling (treatment group D), and the heat exchanger was turned off. The water was allowed to return to ambient temperature (ϳ6°C) overnight (12 h), and 10 more fish were randomly sampled (treatment group A). After 72 h at ambient temperature, 10 additional fish were randomly selected (treatment group R), which enabled us to examine genes involved in recovery from chronic, moderate heat stress. The temperature protocol and definition of treatment groups are shown in Fig. 1 . The sexes of the sampled fish were unknown but were assumed to be in a 50:50 ratio given random selection. Prior to and throughout the trial, the fish were maintained under 24 h of daylight conditions (indoors), which is the aquaculture industry standard for fish at this life stage. Dissolved oxygen was allowed to fluctuate naturally and decreased from ϳ10.3 ppm to a minimum of 9.4 ppm during the trial. Fish of this size are normally fed ϳ0.8% of their body weight per day; however, these fish were not fed after transfer to the experimental tank for acclimation to avoid confounding gene expression results due to food metabolism. This scenario reflected what would happen when an actual heat wave is experienced within an aquaculture setting. That is, when temperatures become extreme, the fish are taken off their feed so that oxygen levels in the tank stay high (less metabolism) and the fish can devote all energy to survival, rather than growth. There tends to be loss of growth during these periods, but mortality is substantially less, especially if starving can be induced in advance of the heat wave (C. R. Colin McGowan, unpublished observation). Thus, our protocol followed standard husbandry practices. Finally, note that this experimental design does not incorporate time-matched control groups, but rather an initial, untreated control that is used for all pair-wise comparisons. Thus, any differential gene expression resulting simply from time spent in the tank (i.e., 144 h by the end of the recovery period) without food cannot be filtered out of the data.
The fish were euthanized by a swift blow to the head and then weighed, and their fork lengths were measured. Blood was withdrawn from the caudal vein of the fish (maximum possible volume ϳ200 l), the entire lower half of outermost gill arch was removed, the entire liver was sampled, and an ϳ1 cm 2 section of muscle from above the lateral line and behind the dorsal fin of the fish was removed, in that order. Tissues were placed into RNAlater (Ambion) and were stored at room temperature for 24 h to allow RNAlater to penetrate the tissues and then moved to Ϫ80°C for storage until use as per the manufacturer's instructions.
RNA extraction. RNA isolations and microarray analysis were conducted at the University of Victoria, Canada. Total RNA was isolated from gill, muscle, and liver tissue samples. In brief, tissue samples were removed from RNAlater, blotted on a clean Kimwipe to remove excess solution, and disrupted and homogenized in 1 ml TRIzol reagent using a Mixer-mill (Retch MM 301) with tungsten carbide beads. Phase separation was conducted using 200 l chloroform, and RNA was purified using the RNeasy Mini Kit (Qiagen) following the manufacturer's instructions. Purified RNA was treated with 1 l RNase inhibitor (Invitrogen). RNA integrity was verified by agarose gel with ethidium bromide staining to visualize ribosomal bands and by measuring the 260/280 absorbance ratio (Ͼ1.9) using a Nano Drop (ND-1000 Spectrophotometer, Thermo Scientific) then stored at Ϫ80°C until use.
Generation of cDNA and microarray hybridization. The microarray study followed a reference design format. cDNA was prepared from 1 g gill RNA from six samples from each treatment group (C, D, A, R; 24 microarray slides in total) using Invitrogen's SuperScript Indirect cDNA labeling system. Treatment groups were compared indirectly against one another using a common reference sample that was hybridized to each microarray alongside the sample cDNA. The reference sample, designed to hybridize to as many spots on the array as possible, was comprised of high-quality RNA isolated from Atlantic salmon gonad, brain, and spleen tissues that had been amplified using Ambion's Amino Allyl Message Amp aRNA kit, then quantified, combined in equal amounts, and divided into per-use aliquots to avoid degradation due to repeated freeze-thawing.
The GRASP 32K cDNA microarray was used (7) . Details of the microarray hybridization process can be found at the University of Victoria cGRASP website (http://web.uvic.ca/grasp/microarray/ array.html) within the .pdf document entitled Invitrogen Indirect cDNA Labeling System version 3. Briefly, microarray slides were postprint processed by rinsing in 0.2% SDS and water and dried by centrifugation; then prehybridized in 5ϫ SSC, 0.1% SDS, 3% BSA; washed with water; dried again; and stored in a dry oven at 49°C until cDNA hybridization. cDNA (300 ng) and aRNA (500 ng) were labeled with Cy5 and Cy3 (Amersham Biosciences), respectively, using Invitrogen's SuperScript Indirect cDNA Labeling System, then combined with 2ϫ Formamide buffer and LNA dT blocker (Genisphere) to a total volume of 60 l, which was heated to 80°C and then loaded on to the slide in the dark. Microarrays were incubated for 16 h at 49°C in a dark, humidified chamber and then underwent a series of washes and were dried by centrifugation. Slides were scanned at 74 and 72 PMT for Cy3 and Cy5, respectively, using a ScanArray Express Microarray Scanner (model #ASCEX00, Packard BioScience BioChip Technologies), and spot intensity was calculated with ImaGene ver. 6.5.1.
Statistical analysis for identifying differentially expressed genes by microarray analysis. All statistical analyses of the microarray data were conducted using Genespring ver. 7.3.1. Spots were identified as per the fully annotated gene ID file from the GRASP website (http:// web.uvic.ca/grasp/microarray/array.html) (IE007 onward; last modified on Nov. 3, 2008). Signals were normalized per spot and per chip using an intensity-dependent (LOWESS) normalization and then per gene to normalize to the median. Spots were filtered on flags present, and only spots with signals greater or equal to the average base/ proportional value of the raw channel were retained.
Three pair-wise student's t-tests were performed: C vs. D, C vs. A, and C vs. R with a P value Ͻ0.01 (note that this is more stringent than a Bonferroni-corrected P value of 0.05 with three comparisons), and any genes not meeting a twofold differential expression between pairs were filtered out in the same step. By comparing each of the D, A, and R treatment groups against the control group and then compiling the resulting gene lists into a Venn diagram, we were able to compare each of the treatment groups against one another and to determine which genes were differentially expressed in one, two, or all three comparisons. Thus, we could sort the genes in the lists into those whose expression was elevated or downregulated during the chronic heat exposure, those that remained differentially expressed (or did not) after the water returned to ambient temperature, and those that were still differentially expressed (or not) after the fish had been at ambient temperature for 3 days. Therefore, the Venn diagram and the gene lists generated provide a very comprehensive and in-depth means of analyzing the gene expression data. Note that the gills were not perfused, and thus these results may reflect transcription taking place within the gill tissues and/or the blood trapped within the gills.
Expression analysis using qPCR. We prepared cDNA for qPCR from 1 g of total RNA using Invitrogen's SuperScript III Reverse Transcriptase kit following the manufacturer's instructions. The six RNA samples per treatment group that were used for microarray analysis were used along with RNA from three additional fish per treatment group (i.e., nine individuals per treatment group were tested with qPCR). qPCR primer pairs were designed for 24 genes selected based on interest in function as well as the degree of fold change observed in the microarray analysis. qPCR primer pairs were designed from the Atlantic salmon expressed sequence tag sequences used on the GRASP 32K array using Primer 3 version 0.4.0 (http://frodo. wi.mit.edu/primer3/). Primers were tested for amplification efficiency using cDNA generated from a single gill RNA sample using the qPCR conditions described below followed by a dissociation curve analysis to test for a single product for each primer pair and that no primer dimers were generated during the 40 amplification cycles. The 12 Fig. 1 . Schematic representation of temperature profile for chronic exposure to moderate heat stress. Tanks were set up with a constant flow-through system (0.33 l/s) with fresh spring water at ambient temperature (ϳ6°C) and ambient oxygen levels (10.0 -11.0 ppm). Approximately 250 fish were transferred to an experimental tank (diameter: 1.86 m, depth 50 cm) and left to acclimate for 48 h at ambient temperature (ϳ6°C). After acclimation, 10 fish were removed to act as a control (treatment group C) group, then water that had been diverted through a heat exchanger was added to the flow-through system to increase the water temperature in the tank by ϳ3.0°C per hour for 4 h, until the tank reached 18°C, after which the water temperature was held at 15-19°C and the fish were closely monitored for signs of stress. After 72 h, 10 fish were removed for sampling (treatment group D) and the heat exchanger was turned off. The water was allowed to return to ambient temperature (ϳ6°C) overnight (12 h), and 10 more fish were sampled (treatment group A). After 72 h at ambient temperature, 10 additional fish were sampled (treatment group R).
primer pairs meeting these criteria and showing the highest efficiencies (range 76 -97%; Table 1 ) were used for expression analysis of cDNAs from nine individuals from each treatment group. qPCR was conducted using the ABI 7900HT system with Sybr green (Quanta Biosciences) under the following conditions: 95°C for 3 min followed by 40 cycles of 95°C for 15 s 60°C for 30 s and 72°C for 15 s, with one 96-well plate run per individual cDNA sample, which included, in triplicate, all 12 primers with corresponding no-template controls, and two primer pairs for the endogenous control gene, EF1A A. Specifically, we used the EF1AA primers designed by Olsvik et al. (9) , which cross exons 5 and 6, and also designed primers that span exons 3 and 4 (EF1AA3to4) ( Table 1) . Having two primer sets within one gene serves as a control for the quality of the cDNA reverse transcription reaction because the expression of EF1AA should be the same using both primer pairs. The amplification efficiencies of the endogenous control primer sets EF1AA and EF1AA3to4 were 98.6 and 98.8%, respectively. Each plate also contained a no-reverse-transcriptase control (i.e., RNA from the individual being tested that had gone through the steps of the cDNA preparation but lacking reverse transcriptase) to test for genomic DNA contamination of the cDNA. Also included was a linker sample, a pooled mixture of cDNA that was aliquoted (to prevent repeated freeze-thaws) and amplified in triplicate on each plate with the EF1A A primers, which was compared across all plates to test for technical variations between plates and was used to calibrate the data across plates [average cycle threshold (CT) ϭ 22.19, SD ϭ 0.44].
Statistical analysis of qPCR results. qPCR results were analyzed using the ⌬⌬Ct method (11) and calibrated for individual primer amplification efficiencies, producing a relative quantification (RQ) compared with the mean CT of the linker cDNA per plate. RQ values were tested for outliers using the box-whisker method such that any data points falling outside of the 95% range were eliminated from the analysis. Remaining RQ values were log transformed to meet the assumptions of the statistical tests. To test whether, and the extent to which, the qPCR and microarray results were in agreement, pair-wise t-tests were conducted between the treatment groups that were originally identified as showing significant differential expression by microarray analysis. We also performed an ANOVA among all four treatment groups (C, D, A, and R) followed by a Tukey post hoc test to determine whether the qPCR analysis revealed any results not seen by the microarray analysis.
RESULTS AND DISCUSSION
Fish sizes. The average length (Ϯ standard deviation) of all of the sample fish (groups C, D, A, and R) was 16.09 Ϯ 2.27 cm, while the average mass was 32.05 Ϯ 12.97 g, and there were no significant differences between the sizes (length or mass) of the fish between treatment groups (one-way ANOVA, P ϭ 0.65 and P ϭ 0.67 for length and mass, respectively). However, the 10 fish that died during the trial were significantly smaller, both in length (13.75 Ϯ 12.56 cm) and mass (13.75 Ϯ 12.56 g), than the sampled fish (P ϭ 0.0041 and P ϭ 0.0155, respectively; pair-wise t-test between all treatment groups combined and the fish that died during the trial). The sizes (weight and length) of the fish for each treatment group, including those that died during the trial, are shown in Fig. 2 .
Genes identified as differentially expressed by microarray analysis. The resulting lists from the Venn diagram (Fig. 3) are provided in Supplemental Table S1 . 1 Note again that we used reverse-transcribed RNA isolated from nonperfused gill tissues for the expression analysis and thus that any differential expression could reflect transcription occurring within the gill tissue itself and/or the blood trapped within the gills. Further analyses using gill-only and blood-only RNA are necessary to 1 The online version of this article contains supplemental material. distinguish the location of transcription, which would provide further insight into the biological mechanisms taking place.
A total of 466 genes were identified as differentially expressed by the three pair-wise comparisons (C vs. D, C vs. A, and C vs. R) at P Ͻ 0.01 with a twofold change threshold. All of the microarray data (normalized as well as raw data) were deposited within Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under the accession number GSE29610. Specific genes or gene families of interest are discussed below. Note again that the gene lists contained within the nonoverlapping portions of the Venn diagram (Fig. 3) include genes that were only differentially expressed at a particular time point (i.e., during, after, or recovery), whereas those contained within the overlapping portions of the Venn diagram were differentially expressed at more than one time point.
There were 251 genes differentially expressed between the C and D treatment groups, 207 of which were only indicated in this pair-wise comparison (i.e., the nonoverlapping portion of the Venn diagram). Not surprisingly, the chronic (i.e., 72 h, 15-18°C) heat exposure resulted in the upregulation of several Hsps of various families. These included five 70 kDa Hsps (2.14-to 14.2-fold), one 71 kDa Hsp (3.81-fold), five Hsp 90 beta genes (3.69-to 6.7-fold), Hsp30 (7.5-fold) and Hsp beta-11 (3.43-fold). Hsps are molecular chaperones that facilitate proper protein folding under a stress conditions (18) . Ubiquitin, a small regulatory protein found in all cells that tags proteins for recycling (6) and is commonly observed to follow the same expression patterns of Hsps (12), was also upregulated in the D treatment group (3.43-fold, Fig. 4 ). In addition, the gene 78 kDa glucose-regulated protein precursor an Hsp70 homolog that is known to be a stress protein and has been reported to protect the cells by suppressing oxidative damage and stabilizing calcium homoeostasis (2), was upregulated in D vs. C fish (4.54-fold). We previously found this gene to be associated with tolerance to acute lethal heat exposure (16) . Thus, 78 kDa glucose-regulated protein precursor deserves recognition as a putative gene for identifying biomarkers for either genomics assisted selection or population assessment of Arctic charr under both acute and chronic temperature stress.
There were 130 genes differentially expressed between the C and A (after) treatment groups, 94 of which were only indicated in this pair-wise comparison. Notable genes in this list included eight ribosomal proteins (six 60S, one 40S, and one 39S mitochondrial protein; 2-to 3.23-fold). A total of 144 genes were differentially expressed between the C vs. R groups, 110 of which were specific to this comparison. In total, there were 12 ribosomal proteins (seven 60S and five 40S) upregulated in R compared with C fish (2.02-to 5.07-fold). These results are suggestive of increased ribosome biogenesis. It has long been recognized that ribosomes are key reactive oxygen species targets and that they may be more sensitive than DNA is to oxidative damage (3). More recently, ribosome activity has been recognized as a potential biomarker for cellular stress; for example, caged mussels exposed to heavy metal contamination exhibited degradation of ribosomal subunits (14) . The expression patterns of all ribosomal genes identified by the microarray results are presented in Fig. 5 . Although Fig. 5 shows that the elevated expression of ribosomal protein genes started during heat exposure, there were only three ribosomal protein genes that met the twofold in- Table S1 for lists of genes within each section. a The fish that died during the trial were significantly smaller than all of the fish that were randomly selected for sampling (1-way ANOVA comparing all C, D, A, and R fish combined against morts; P ϭ 0.0155 and P ϭ 0.0041 for weight and length, respectively).
creased expression, P Ͻ 0.01 cut-off in the D group, and none in the overlapping gene lists, whereas ribosomal protein genes accounted for ϳ10% of the genes in both the A and R lists. Thus, it appears that ribosome biogenesis was initiated late in the heat exposure, and continued long after the water temperature was returned to normal, perhaps suggesting that the gill cells were undergoing repair from oxidative damage induced by chronic heat stress.
Interestingly, we also found that 11 ribosomal proteins were significantly upregulated in fish that exhibited tolerance to acute, lethal temperature stress in our previous study, as well as one ribosomal protein elevated in the Intolerant group relative to the controls (see Supplemental Table S2 of Ref. 16 ). Two of the former (CA061476 and CB498489) as well as the latter (CK990675) ribosomal proteins were also indentified as differentially expressed in the present analysis. Thus, it appears that ribosome biogenesis plays a role in tolerance to acute thermal stress as well as the general response to chronic, sublethal thermal stress. Future studies of chronic heat exposure could incorporate a longer recovery period as well as finer time-course measurements to obtain a more precise timeline of ribosomal protein gene expression. In addition, examinations of various populations of Arctic charr, which are known to exhibit differences in their ability to withstand, and perhaps recover from, heat stress, should focus on the expression of these ribosomal protein genes as potential bioindicators for susceptibility to extreme temperature fluctuations in the natural environment.
Of the 21 genes that were differentially expressed between both the C vs. D and C vs. A (i.e., overlapping region of the Venn diagram), three were Hsps (two Hsp 90 beta genes and one Hsp 30). In addition, there was one Hsp 90 that was differentially expressed between both the C vs. D and C vs. R groups and one that was identified in all three pair-wise comparisons (middle section of Venn diagram). Interestingly, this Hsp 90 (GenBank accession number CA062155) was also upregulated in both heat-tolerant and -intolerant Arctic charr in our previous study (16) , with significantly higher expression in tolerant fish. This suggests that this is a particularly sensitive Hsp that is associated with thermo-tolerance to extreme, acute heat exposure as well as with recovery from chronic, moderate heat exposure. Thus, we propose that this Hsp 90 warrants further attention with respect to its specific roles in heat response and that it is a particularly strong candidate for incorporation into a genomics-assisted breeding program for Arctic charr or for use as a biomarker for wild populations.
There were no Hsps with elevated expression in the nonoverlapping gene lists comparing A or R groups to Controls (vs. 13 in the C vs. D group). This suggests that elevated Hsp expression in the gill tissues of Arctic charr exposed to chronic, moderate temperature stress started to decrease quickly after the water temperature returned to normal. This is in accordance with the 2010 results reported by Lewis et al. (8) , in which elevated expression Hsps in rainbow trout blood samples was decreased 24 h after heat stress. The results for all of the Hsps identified by the microarray analysis are shown in Fig. 4 .
We also found a single hemoglobin beta gene downregulated in the R group compared with the controls (7.25-fold). In our recent report that identified genes associated with upper temperature tolerance in Arctic charr, we found that numerous hemoglobin transcripts, both alpha and beta (nine of each) were differentially expressed with highly similar expression patterns (16) . We speculated that this reflected cross-hybridization among the hemoglobin transcripts on the cDNA microarray. In addition, we previously reported that the Atlantic salmon (the species from which the microarray was designed) Fig. 4 . Mean normalized expression (n ϭ 6 per treatment group) for all heat shock proteins (Hsp) identified as differentially expressed by microarray analysis. Letters in superscript correspond to the gene list (i.e., pair-wise comparison) within which each Hsp was identified as per Supplemental Table S1 , which lists the fold change value for all genes within these lists. In addition, all expression data for each individual for each gene are available in the Gene Expression Omnibus (GEO) database (GSE29610).
hemoglobins are highly similar to one another (15) . Thus, we suspect that the present result of a single differentially expressed beta hemoglobin transcript is a Type 1 error, as we would expect to see similar expression behavior among several hemoglobin genes (alpha and beta) if hemoglobin was indeed playing a biological role in the heat stress recovery. However, this hypothesis remains to be tested by qPCR, which is not possible at this time given that the Arctic charr hemoglobin repertoire has not been sequenced, a worthy pursuit of future research.
Microarray validation by qPCR. Table 2 lists the genes tested by qPCR with their corresponding GenBank accession numbers from which the primers were designed, the microarray gene list that the genes were found on, and the corresponding fold change. Also shown are the results of the qPCR analysis (pair-wise t-test of original pairs) and those results (P values) of the ANOVA. Results from the qPCR analysis that are in significant agreement with the microarray analysis are in boldface, those showing a different trend from the microarray analysis are italicized, and those with no trend are not highlighted. Of the 12 genes selected from the microarray results that were tested with qPCR, six showed significant differential expression (P Ͻ 0.001) in the same direction and between the same two treatment groups as the microarray analysis. One gene (60S ribosomal protein L11) showed no trend between the original pair of groups (C vs. D) but showed a slight trend of upregulation in A vs. D, as determined by the ANOVA (P ϭ 0.0446). The remaining five genes produced very high P values and showed no trend of differential expression between any treatments.
This level of agreement between microarray and qPCR results is in accordance with our previous results obtained using Arctic charr cDNA with the cGRASP microarray (16) and is also similar to the level of agreement reported by Lewis et al. (2010) (8) for rainbow trout cDNA (from blood RNA) and the 16K cGRASP microarray (19) . We discuss possible reasons for this seemingly low level agreement, as well as some of the advantages and drawbacks of the cDNA microarray and qPCR approaches in our previous report (16) . Briefly, these include the statistical pitfalls of using large microarrays as well as the potential for cross-hybridization and the added complication of using cDNA from a species other than that from which the microarray was designed. These issues are increasingly relevant when studying complex (i.e., highly repetitive), duplicated genomes such as those of the salmonids, for which there is currently no reference sequence (4). We thus suggest that microarray analysis be regarded as a valuable exploratory tool and that data analysis and interpretation should focus on genes for which there is supporting data such as families of genes with several members showing similar responses (e.g., the Hsps and ribosomal proteins in this case), genes related through a common pathway or common functions, results that are confirmed by qPCR and/or other types of analyses such as transcriptome sequencing or QTL examinations, and those that are in agreement with other supporting studies.
Finally, it should be noted that the expressions of the genes indentified herein represents, at least in part, the phenotypic response to thermal stress, rather than the genotypic response. Thus, at least for the purposes of identifying genetic markers Table S1 , which lists the fold change value for all genes within these lists. In addition, all expression data for each individual for each gene are available in the GEO database (GSE29610).
for marker-assisted selection or for use as biomarkers in wild populations, further experimentation and analyses are necessary to identify how this differential expression is achieved at the DNA level. That is, modifiers of gene expression (e.g., promoter regions or transcription factors) can be cis-or transacting, meaning that genetic markers associated with differential expression may not necessarily be colocalized with the gene in question. We cover this topic in detail our previous report (16) and refer the reader to that paper for further discussion of the issue and its implications. We do, however, stress that this present lack of knowledge of the relationship between the phenotypic and genotypic responses of these genes to heat stress does not negate their current utility as markers for thermal stress. That is, their differential expression in the gill tissues could be used to identify fish responses, which could feed into traditional breeding programs or for the identification of stressed populations in the wild, or for identification of heat-stress-associated QTL. Indeed, the success of nonlethal gill sampling techniques has been demonstrated (17), suggesting that large quantities of fish can be screened for differential expression of target genes, thus presenting an alternative use of our results should the identification of genetic markers not be immediately feasible.
Conclusions and Applications
In our previous study (16), we exposed Arctic charr to acute lethal temperature stress to identify genes that are potentially associated with upper temperature tolerance. The goal was to identify genetic markers for temperature tolerance to feed into an ongoing breeding program at the Icy Waters breeding facility in Whitehorse, Canada, to generate a more robust broodstock that can withstand fluctuations in temperature and thus be grown at inland tank farms in more diverse regions than present. However, given that fish are not likely to experience acute exposure to lethal temperatures in a tank farm or natural setting, we also sought to examine transcriptomic responses under more realistic conditions of chronic exposure to moderate temperature stress, such as that exhibited during a summer heat wave in both uncontrolled tank farms as well as natural conditions. Thus, for this study, we conducted a chronic temperature trial, exposing Arctic charr to water temperatures of 15-19°C (mimicking the maximum tank temperatures observed at Icy Waters, a freshwater Arctic charr tank farm in Whitehorse, Canada) for 72 h, and gill tissues extracted before, during (i.e., at 72 h), immediately after cooling, and after 72 h of recovery at ambient temperature (6°C) were used for gene expression profiling by microarray analysis. The results revealed an expected pattern for Hsp gene expression, with the highest expression seen during heat exposure, with significantly reduced expression (approaching control levels) quickly thereafter. One Hsp 90 in particular (GenBank accession number CA062155) was differentially expressed in all three pairwise comparisons and was also upregulated in both heattolerant and -intolerant Arctic charr in our previous study (16) , with significantly higher expression in heat-tolerant fish. These results highlight this Hsp as playing a particularly important role in both thermotolerance and recovery from heat stress and are thus deserving of further attention. We also found that the expression of several ribosomal proteins was significantly elevated immediately after cooling and 72 h after cooling, suggesting that the gill tissues were undergoing ribosomal biogenesis while recovering from damage caused by heat stress. Interestingly, several ribosomal proteins were identified as associated with tolerance to acute thermal stress in our previous experiment (see Supplemental Table S2 of Ref. 16 ). We suggest that ribosomal proteins be examined further as potential biomarkers of tolerance to as well as susceptibility to and/or recovery from heat stress for both wild and farmed populations. Of additional interest was that the gene 78 kDa glucose-regulated protein precursor, which we previously found to be associated with tolerance to acute lethal heat exposure (16) , was upregulated during exposure to warm The genes tested by qPCR, the microarray gene list that the genes were found on and the corresponding fold change, the results of the qPCR analysis with the average relative quantification value for each gene tested per treatment group and results (P values) of pair-wise t-tests between groups. Results from the qPCR analysis that are in significant agreement with the microarray analysis are in boldface (6 genes), while those showing a different trend from the microarrays are italicized (1 gene), and those with no trend are not highlighted (5 genes). A, C, D, and R refer to treatment groups; see METHODS for details. *qPCR significant for this comparison only; †trend of upregulation in A vs. D temperatures; therefore, this is another target for future examinations of heat stress, tolerance and recovery. Finally, our previous study identified hemoglobin genes as being significantly elevated in fish that exhibited intolerance to acute lethal temperature stress, whereas only one such gene was identified in the present study, which we attribute to a Type I error (see above).
The results of this study, combined with those of our previous study on tolerance and intolerance to acute lethal temperatures, have numerous implications for both cultured and wild Arctic charr and, perhaps, other closely-related salmonids such as Pacific salmon. In addition, by comparing results obtained from testing extreme laboratory conditions with a more moderate and realistic temperature regime, we have provided a comprehensive understanding of the genes that govern temperature responses in these fish. Specifically, we have identified several candidate genes that can used to screen for genetic markers for temperature tolerance, which can be integrated into broodstock development programs to develop temperature-tolerant strains of Arctic charr, such that they can be grown in regions closer to where they are consumed, perhaps in facilities previously designed to grow other fresh water fish such as rainbow trout. In addition, it was recently shown that populations of Sockeye salmon in the Fraser River in British Columbia, Canada, exhibit marked differences in the cardiorespiratory physiology, with fish from more challenging environments showing greater cardiac performance (5), thus suggesting that different populations of salmonids show differences in their adaptations to environments that may be altered by climate change. The genes identified here as well as in our previous study (16) could be used to develop DNA biomarkers to screen for wild populations of fish (Arctic charr as well as perhaps other closely related salmonids) that are particularly susceptible or not to changes in temperature, as well as to track population migration, colonization, and even evolution as natural habitats are altered by climate change. Therefore, future studies should aim to identify genetic markers associated with the genes of interest identified herein as well as screen natural and cultured stocks of Arctic charr for variability in these markers. This will provide the ability to predict responses to acute and chronic temperature stress and to select for optimal performance during temperature stress and under commercial production conditions.
